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ABSTRACT

DIET AND VEGETATION IMPACTS OF A REINTRODUCED BISON HERD

Ryan Christopher Blackburn, M.S.
Department of Biological Sciences
Northern Illinois University, 2018
Dr. Holly P. Jones, Thesis Director

To redress prairie loss, managers seed former agricultural lands and reinstate key
ecosystem processes with prescribed fires and reintroduction of native grazers to create restored
prairies. Bison (Bison bison) were almost hunted to extinction in the late 1800’s but are
recovering and have recently been reintroduced to restored prairies for their ecosystemengineering roles. The effects bison and fire have on remnant (never-plowed) prairie vegetation
are well documented. However, there is little known about how bison will affect and shape
vegetation patterns in restored prairies. These effects may be largely driven by bison’s dietary
preference to forage primarily on grasses. This study aims to quantify both bison diet and their
effects on vegetation in a chronosequence of restored prairie with varied burning regimes. We
used stable isotope analysis to quantify δ13C and δ15N in plants and bison hair to estimate the
probability distributions for the proportional spread of bison diet constituents. Plant composition
was measured across a chronosequence of restored prairie with varied grazing and fire regimes.
We found that bison primarily grazed on C4 grass species throughout the late spring and early
summer. However, bison foraged more on wetland species and high δ 15N forbs in the late

summer and fall. Plant diversity decreased with restoration age and did not differ among either
grazing or fire treatments. However, grazed sites displayed a wider range of variation between
plant communities. Older restorations tended to be more similar in species and functional group
composition in comparison to the younger sites. The high contribution of wetland species in
bison diet may be dampening their impacts on plant communities in the tallgrass prairie sites.
Even though bison and fire did not have as important of a role as we predicted, changes in
composition hint at bison impacts beginning to occur within these restored tallgrass prairies after
three years of reintroduction.
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CHAPTER 1
INTRODUCTION

A large portion (82-99%) of Midwestern tallgrass prairie has been converted to
agriculture over the past century, making it one of the most threatened ecosystems on the planet
(Samson & Knopf 1994). In Illinois, 99.99% of prairie has been lost (White 1978). Even what
little prairie remains has degraded due to invasive species, loss of native grazers, and altered
burning patterns (Knapp et al. 1999; Fletcher & Koford 2003). Prairie biota evolved without
these invasives and in the presence of grazing and fire. As a result, tallgrass prairies may be
dependent on the removal of invasive species and the continuation of disturbance regimes.
Historically, fire has been a driving force in the evolution of grasslands across North
America. The sources of these historic fires are thought to be intentional burning by Native
Americans and lightning strikes (Anderson 2006). Tallgrass prairies to the east of the Mississippi
river most likely experienced lightning strike fires only during the warm dry period from late
October through November. Lightning storms during the rest of the year generally coincide with
large amounts of precipitation (Anderson 2006). This has led researchers to believe Native
Americans caused most of the fires in this region of tallgrass prairie. Today, fire disturbance
continues through prescribed fires ignited by land managers.
Fire influences the plant community in unique ways that may also vary with the time of
year the fire occurs. All fires affect soil temperatures by exposing the soil to direct sunlight
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(Vogel et al. 2010). This exposure of sunlight also increases the productivity of Cyanobacteria
and, in turn, increases the rate of nitrogen fixation (Anderson 2006). Fire during most seasons
increases later seed production and flowering of C 4 grasses. The increase in reproduction helps
them compete against C3 grasses, which tend to be non-native invaders (Vogel et al. 2010).
However, during summer fires, C4 plants are negatively affected because they are actively
growing (Ewing & Engle 1988). Burning also tends to increase grass density while decreasing
forb (non-woody and non-Poales herbaceous flowering plants) abundance and diversity and
woody vegetation (Powell 2006). The high amounts of species richness in tallgrass prairie plant
communities is driven by forb populations, and therefore fire alone cannot maintain the desired
prairie flora. Native grazers can moderate the effects of fire regimes through preference for
grasses and other Poales species, which allows more forbs to establish (Knapp et al. 1999).
The American bison (Bison bison) helped shape the tallgrass prairies of North America as
the dominant grazer within the ecosystem. They were almost hunted to extinction in the late
1800’s but are recovering and have recently been reintroduced to restored prairies for their
ecosystem-engineering roles (Knapp et al. 1999). Bison tend to graze primarily on C 4 grasses
during the growing season, which reduces the competitive pressures they have on forb species
(Knapp et al. 1999). Much like fires, bison diets differ with the seasons and thus affect the
environment differently depending on the time of year. Bison target C 3 Poales species during the
spring and winter but begin to select more C 4 grasses in the summer and fall (Plumb & Dodd
1993; Steuter et al. 1995). Though most of the Poales species in their diets are primarily grasses,
sedges have been found to be an important part during all months besides the summer (Coppedge
et al. 1998). During these months C4 grasses are either not present or unpalatable, which may
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make sedges a more preferred choice (Coppedge & Shaw 1998). These trends suggest that bison
influences on plant composition may vary from season to season.
Bison are also very selective of when and where they forage. For example, bison prefer to
forage in areas that have been previously grazed (Anderson 2006). Grazed sites tend to have
grasses that are higher in nitrogen, are more palatable, and easier to access (Anderson 2006). The
increase in nitrogen is attributed to bison urine, which can be taken up by the plants once it is
converted into ammonia (Knapp et al. 1999; Anderson 2006). At first, these areas increase in
productivity. However, after prolonged grazing, grass productivity drops, and forbs begin to
outcompete the grasses (Anderson 2006). The higher abundance of non-palatable forbs makes
grazed sites less appealing and eventually the herd abandons them (Anderson 2006). Since
recently burned sites have a high abundance of grasses, bison also prefer to graze in these areas
(Biondini et al. 1999; Knapp et al. 1999). This type of large uniform vegetation structure is the
ideal grazing area for the bison (Biondini et al. 1999). The combination of burning and grazing
for bison site selection is what drives the interactive effects of grazing and fire (Fuhlendorf et al.
2009). Bison prefer burned sites and these sites are then continually preferred for grazing until
the forb abundance is too high. As bison move from site to site, they create the patchy diversity
that is iconic of tallgrass prairies. Because of this, both grazing and fire are essential to
maintaining a diverse tallgrass prairie.
To redress prairie loss, managers seed former agricultural lands and reinstate key
ecosystem processes with prescribed fires and reintroduction of native grazers to create restored
prairies (Knapp et al. 1999; Houdeshell et al. 2011). The effects these disturbance regimes have
on remnant (never-plowed) prairie vegetation are well documented (Knapp et al. 1999; Towne et
al. 2005). However, there is little known about how bison will affect and shape vegetation
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assembly in restored prairies. The overarching goal of my research is to quantify bison diet and
their effects on vegetation composition in a chronosequence of restored prairies. In chapter 2, we
investigate seasonal differences in bison diet depending on age and sex. We follow this up in
chapter 3 with a look into how plant communities are changing after bison reintroduction. Lastly,
in chapter 4, we draw conclusions from both studies and how they apply to grasslands and
restoration management practices.

CHAPTER 2
BISON SEASONAL DIET SHIFTS FROM C4 GRAMINOIDS TO WETLAND SPECIES AND
FORBS IN A RESTORED TALLGRASS PRAIRIE

Introduction

Bison are thought to be the most influential grazers in tallgrass prairies. They were
almost hunted to extinction in the late 1800's, but are recovering and have recently been
reintroduced to restored prairies for their ecosystem-engineering roles (Knapp et al. 1999). One
main goal for reintroducing bison is to increase prairie plant diversity. Bison preferentially
forage on Poales species (mainly grasses and sedges) which opens up resources for otherwise
less-competitive forb species and, in turn, increases plant diversity at a landscape scale (Knapp et
al. 1999; Elson & Hartnett 2017). Bison dietary preferences generally follow a seasonal trend
from C4 grasses in the summer and fall and then other C3 Poales species until early summer
(Chisholm et al. 1986; Steuter et al. 1995; Coppedge & Shaw 1998; Post et al. 2001). However,
bison diet can vary based on geographical region and forage availability (Chisholm et al. 1986;
Larter & Gates 1991; Bergmann et al. 2015; Craine et al. 2015). For example, a herd of bison in
Alaska were found to forage primarily on shrubs year-round while other herds supplement their
diet with shrub species when Poales species are less abundant (Peden et al. 1974; Waggoner &
Hinkes 1986; Larter & Gates 1991; Painter & Ripple 2012). Recently, forbs are thought to play a

6

more important role in bison protein intake, especially those that are N-fixing (Craine et al.
2015), but the extent to which those findings translate to other bison herds remains unclear.
Variability in bison diet makes forming predictions of how bison reintroduction will
impact plant communities difficult. Furthermore, bison diet and its consequences on plant
communities have never been studied in a restoration setting. Instead, research to date has
focused on bison diet in grasslands that have never been plowed (hereafter referred to as
remnants) and therefore yields insights that may not apply in restoration contexts. It is critical to
understand bison diet in restoration contexts because bison grazing has the potential to shape the
trajectory of plant community composition as restored prairies assemble. It is well-documented
that prairie restorations go through successional stages by shifts in dominance from annual
weeds to native forbs and finally native C 4 grasses (Schramm 1990; Camill et al. 2004).
Depending on forage preference, grazing in these different stages may result in different
outcomes than in restored prairies that do not have bison grazing. For example, if bison are
selecting N-fixing forb species within older restorations, this may reduce the number of forbs
and counteract desired restoration goals (Craine et al. 2015). However, if bison are preferentially
grazing C4 grasses as forage in younger restored sites, this may help the forbs better compete
against grasses and produce a more diverse restoration (Coppedge et al. 1998). Potential impacts
to restorations become even more difficult to predict due to foraging differences based on bison
age, sex, and seasonal patterns. Bulls consume higher proportions of C 4 grasses than cows and
juveniles, which indicates bulls have a lower quality diet (Post et al. 2001). If females and
juveniles are foraging on fewer C4 grasses, they may be selecting areas with more C 3 species
such as the younger restorations and producing differential impacts.
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Dietary preferences also change depending on forage availability throughout the seasons
which can even further complicate the picture (Coppedge et al. 1998). Stable isotope analysis
offers the chance to examine seasonal trends in the proportion of dietary sources in bison diet
and allow better predictions of bison reintroduction impacts on plant communities. Many studies
previously looking at bison diet are based on microhistological analysis, which has been shown
to overestimate the amount of Poales species in comparison to forbs (Vara & Holecheck 1980;
Bartolome et al. 1995; Craine et al. 2015). Others have used only δ 13C to detect the shift between
C3 and C4 plants in both modern and historical tissue samples, however, this limits the ability to
quantify forbs and different groups of Poales species (Steuter et al. 1995; Post et al. 2001;
Feranec et al. 2009; Widga et al. 2010). To overcome such issues, recent studies have used DNA
sequencing to further investigate the role of forbs in bison diet (Bergmann et al. 2015; Craine et
al. 2015; Leonard et al. 2017). DNA sequencing, unfortunately, can have the opposite result of
microhistological analysis by overestimating the abundance of forbs due to the preferential
degradation of grass DNA during digestion (Bergmann et al. 2015). Stable isotope mixing
models, using two biotracers (δ13C, δ15N), can give accurate predictions of proportional dietary
constituents if the diet groups are isotopically distinct and can provide a more accurate picture of
seasonal bison diet.
Stable isotope analysis (SIA) is commonly used to reconstruct diets across taxa and
biomes (Crawford et al. 2008; Boecklen et al. 2011; Layman et al. 2012). Mammals are the
second most common taxon in SIA studies, with temperate grasslands being the third most
commonly studied biome (Boecklen et al. 2011). Both δ 13C and δ15 N are the most commonly
used stable isotope ratios used when reconstructing mammalian diets (Crawford et al. 2008).
Carbon sources can be detected by using the δ13C value due to a plant's photosynthetic pathway
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(DeNiro & Epstein 1978; O’Leary 1981; Cerling & Harris 1999; Inger & Bearhop 2008). During
both C3 and C4 photosynthesis, CO2 from the atmosphere is fixed, but different enzymes are used
to catalyze the reaction. These enzymes discriminate 13C differently and result in different δ13C
values (Marshall et al. 2007). The abundance of 15N within individual plants and species can
vary given a variety of factors such as nitrogen source, mycorrhizal associations, temperature
and precipitation (Adams & Grierson 2001; Evans 2001; Drucker et al. 2010). Such differences
mean δ15N can be used to further distinguish plant species or groups of plants in herbivore/grazer
diet when each plant species or group of plants (e.g. C 4 vs C3) have unique isotopic signature
(Drucker et al. 2010; Kristensen et al. 2011). In this study, we used δ 13C and δ15N to investigate
seasonal changes in reintroduced bison (Bison bison) diets in a restored tallgrass prairie.
Our goal was to look at dietary seasonal trends across both age and sex in a reintroduced
herd of 85 bison in a restored tallgrass prairie. We used both carbon and nitrogen isotopes to
distinguish isotopically-distinct plant groups of interest including C4 grasses, C3 grasses, sedges,
forbs, and N-fixing forbs. The groups that were isotopically distinct were compared to
segmented bison tail hair to determine the proportion of bison diet constituents through time. We
hypothesized we would find that (a) younger bison and adult cows may be eating plants with a
lower C:N (higher nutritional content), (b) seasonal shifts would be consistent with forage
availability, and (c) bison will minimally rely on forbs throughout the year (Coppedge et al.
1998; Post et al. 2001).
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Methods

Study Site

We worked at Nachusa Grasslands, a 1200-hectare prairie remnant and restoration site in
Franklin Grove, Illinois, owned by The Nature Conservancy (TNC). Average annual temperature
is around 8.5 ˚C and average annual precipitation is roughly 950 mm. In 2014, TNC reintroduced
bison to Nachusa and currently the herd totals ~100 individuals and has access to half the
preserve. The accessible area is a mosaic of restored and remnant habitats including sedge and
Salix-dominated wetlands, oak savannahs, deciduous broadleaf forests, and tallgrass prairie.
Plant composition not only differs across habitat types but also by years since restoration.
Previous work has shown a decrease in forb abundance and diversity as the restorations age
which influences forage availability (Barber, Lamagdeleine-Dent, et al. 2017; Klopf et al. 2017).
The preserve is also managed with prescribed fire with more than half of the preserve being
burned annually.

Plant Samples

To determine the isotopic signatures of bison diet constituents, a list of plant species was
compiled to represent major plant groups or individual species that likely would be a part of
bison diet (Table 1). These species were chosen either due to their abundance on the preserve or
because of literature reviews that suggested preference for certain groups or species. To
determine the most abundant plant species within the preserve, we sampled plants across a
chronosequence of thirteen restorations and two remnant sites. Within each site, we randomly
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sampled ten locations and recorded each species and the percent cover of those species with in a
0.25m2 quadrat. Plants were identified and named according to Flora of the Chicago Region
(Wilhelm & Rericha 2017) Sampling of plant tissue occurred during August 2016 with
supplemental sampling in October 2017 to more fully sample wetland species (a mix of wetland
C3 Poales species and Salix humilis). All species were collected within prairie restorations in
areas accessible to bison except wetland species. These were collected with wetland restorations
accessible to bison. Three leaves of newest growth from three individuals within these areas
were clipped and dried for at least 48 hours at 55 ˚C. Following this, samples were ground
homogenized into fine particles using a ball mill grinder in preparation for analysis.
Animal Samples

Bison tail hair was retrieved during the annual fall roundup on October 2 nd, 2016.
Multiple hairs were pulled from the tail by land managers processing the animals and kept
separate to distinguish individuals. We retrieved hair from all processed individuals. In total, hair
from eighty-five animals was collected (52 females and 33 males ranging from zero to fifteen
years old).
Each strand was inspected using a Leica stereo zoom microscope to remove telogen
phase hairs that would not have been in a period of growth during collection (Schwertl et al.
2003; Van Scott 1957). To prevent the inclusion of bison milk in the potential sources, we
excluded all individuals under the age of two because of known weaning patterns (Meagher
1986). Finally, all samples with less than fifteen hairs were not included due to inefficient

Table 1. Groupings for bison dietary items. All species included in the groups are listed along with the groups respective elemental
and nutritional concentrations. Error is recorded as standard error and high δ15N forbs are forbs with δ15N>0 and low δ15N forbs are
forbs with δ15N<0. Nomenclature from Wilhelm and Rericha 2017.
Dietary Group

Species

%N

%C

C:N

C3 Poales

Agrostis gigantea, Bromus inermus, Carex bicknellii, Dichanthelium oligosanthes var. scribnerianum,

1.39

41.96

35.86

Dichanthelium villosissimum, Elymus canadensis, Juncus inetrior, Koeleria macrantha, Phalaris

(± 0.24)

(± 0.77)

(± 3.23)

1.75

40.52

25.54

(± 0.42)

(± 1.37)

(± 5.71)

Astragalus canadensis, Baptisia lactea, Daucus carota, Euphorbia corollata, Penstemon digitalis, Salix

2.27

42.31

27.57

interior, Solidago canadensis, Zizia aurea

(± 0.39)

(± 1.27)

(± 5.31)

Achillea millefolium, Anemone cylindrica, Baptisia leucophaea, Chamaecrista fasciculata, Dalea

2.26

40.59

22.06

candida, Dalea purpurea, Desmodium illinoense, Echinacea pallida, Eryngium yuccifolium, Lespedeza

(± 0.32)

(± 1.02)

(± 4.26)

2.78

46.42

20.25

(± 0.34)

(± 1.11)

(± 4.64)

species

arundinacea, Phleum pratense, Poa pratensis

C4 grasses

High δ 15N
forbs
Low δ 15N forbs

Andropogon gerardii, Setaria viridis, Sorghastrum nutans, Sporobolus heterolepis

capitata, Lotus corniculatus, Medicago lupulina, Melilotus alba, Melilotus officinalis, Ratibida pinnata,
Symphyotrichum ericoides, Tradescantia ohiensis, Trifolium pratense, Trifolium repens

Wetland species

Carex vulpinoidea, Juncus effusus, Salix humilis, Scripus sp, Typha angustifolia
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weights for sample processing. After all exclusions, thirty-three samples were acceptable of
which twelve were males and seventeen were females with ages ranging from two to fifteen in
both sexes.
Once all samples were selected, we straightened the hairs with deionized water and
aligned hairs for each individual from follicle to tip in tin (Sn) foil. We then folded the tin foil
over the hairs and cut them into six ten-millimeter segments. A maximum hair length of 70mm
was sampled due to the average length of the tail hair. To match the hair segments to seasons,
growth rates were estimated using the maximum (1.06 mm/d -1) and minimum values (0.51
mm/d-1) of cattle tail hair (Fisher et al. 1985; Schwertl et al. 2003). This provided a time range
for the 70mm segment between mid-April and mid-July. We shortened this range by comparing
the dietary proportions in the hair segments (post analysis) and known forage availability during
seasons to between mid-May and mid- June. Preliminary analysis showed a clear trend between
δ13C and δ15N from the first to last segment so three segments at 10mm (approximately
September), 40mm (approximately July), and 70mm (approximately May) were chosen for
processing. All segments were then rinsed in a 95% ethanol solution, dried for at least 48 hours
at 55 ˚C, and cut as small as possible into a homogenous mixture (Kristensen et al. 2011; Burnik
Šturm et al. 2017).

Stable Isotope analysis and Mixing Models

Both plant and hair samples were weighed out to 5mg and 1mg, respectively, into tin
capsules and processed in an isotope ratio mass spectrometer (DELTAplus Advantage Mass
Spectrometer, Thermo Scientific, Wilmington, DE, USA) at the Stable Isotope Facility, Geology
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and Environmental Geosciences, Northern Illinois University. Samples were compared against
NBS 22, USGS-25, IAEA- CH-6, IAEA- N1, and IAEA- N2 standards to calculate δ 13C and
δ15N values along with nitrogen and carbon concentrations as shown below (Michener & Lajtha
2007).
δ(‰) =

− 1 𝑋 1000

δ (‰) represents the isotopic value of C or N in parts per thousand. R is the ratio of heavy to
light isotopes calculated from both the sample and the standard. Initial results were plotted to
determine the grouping of sources by both biological relevance and isotopic composition (Table
1). To test for differences between sex, age, and seasonality, we performed analyses with two
separate linear mixed-effects models with each stable isotope as a dependent variable. Age, sex,
and seasonality were used as explanatory variables and each individual was set as a random
variable due to account for individual variation.
The proportion of dietary sources in bison hair was investigated using a Bayesian mixing
model in MixSIAR (Parnell et al. 2010, 2012), a framework that allows users to customize
models by selecting various input parameters (Stock and Semmens 2016). We used a model that
quantified the proportion of each dietary group (Table 1) in bison diet and used bison hair length
as a continuous variable. The three segments of tail hair chosen from each individual were used
to estimate isotopic values through time and therefore time was imputed as a continuous
variable. Trophic enrichment factors (TEFs) from literature on domestic cattle were used because
no information on bison TEFs currently exists. The TEFs for C and N were set at 2.7 ± 0.4 and
2.5 ± 1.7, respectively (Sponheimer et al. 2003). We chose domestic cattle because they were
most similar to bison; similar reasoning has been used in muskox (Kristensen et al. 2011).
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Because of the known differences in elemental concentrations across wet vs dry regions, we also
used these concentrations within our sources to account for the assumption of equal elemental
concentrations in our mixing model by using the same approach as Parnell et al. (2010) (Phillips
& Koch 2002). To test for differences in elemental concentrations and to determine forage
quality between plant groups, we ran a linear model using %N, %C and C:N as dependent
variables across the independent plant groups. All results were reported using the predicted
values from these models.
Results

Source Isotopic Signatures and Elemental Concentrations

Differences in δ13C and δ15N were used to group species into isotopically distinct dietary
sources. The range of δ13C for bison diet items fell between -32.51‰ and -11.32‰ with a mean
of -26.69‰ (Fig. 1). The main distinction between δ 13C was the difference in photosynthetic
pathways with C4 and C3 plants having a mean of -12.81‰ and -28.38‰, respectively. C 4
species were therefore isotopically distinct and grouped together as a dietary source. C 3 plants
could not be separated using only δ13C because these values only differed from -32.51‰ to 21.23‰. To distinguish between the desired groups of C 3 plants, differences in δ15N were used in
conjunction with differences in δ13C. Forb species had very similar δ13C values but varied in
δ15N from -4.19‰ to 3.30‰. Forbs were assigned to two separate groups defined by whether
they had high δ15N (δ15N>0) or low δ15N (δ15N<0) values. All wetland species contained high
values of δ15N ranging from 4.37‰ to 10.33‰ and were clearly isotopically distinct from the
other species. Finally, C3 Poales species varied in both δ13C and δ15N ranging from -32.51‰ to -
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21.23‰ and -4.55‰ to 1.70‰, respectively. To mediate this, we tested several mixing models
with different groupings of C3 Poales species. However, the model with the strongest
convergence ran with all C3 Poales species grouped together so our final model grouped those
species.

Figure 1. Isotpoic signatures for dieatary groups (corrected for TEFs) and for bison consumers.
Colored points represent sectioned hair clippings from each individual. Colors represent the
estimated time of hair development.

16

Differences in nutritional quality, C:N ( p= 0.009932, F=3.6086, df= 4), and elemental
concentrations %C (p<0.0001, F=8.9744, df= 4) and %N(p=.002421, F= 4.5861, df= 4) were
found between the different plant groupings (Fig. 2). Wetland species had 10% more C on
average than the other groups while the rest of the groups were similar to one another. Wetland
species also had the highest N concentrations (2.78%) followed by high δ15N forbs (2.27%), low
δ15N forbs (2.26%), C4 grasses (1.75%), and finally C3 Poales species (1.39%). Wetland species
had the lowest C:N (20.25%), followed by the low δ15N forbs (22.05%), high δ15N forbs
(27.57%), C4 grasses (25.54%), and C3 Poales species (35.86%). These results suggested that
elemental concentrations vary and influenced our decision to use a concentration-dependent
mixing model. They also showed that nutritional content varies between these groups of plant
species.
Consumer Isotopic Signatures

Dietary composition did not change between sex or age, but we found clear seasonal
dietary changes (Table 2). Following these findings, we grouped all ages and sexes for further
analyses.
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Figure 2. C:N values across dietary groups. C3 Poales species have lower nutritional quality in
relation to both wetland species and low δ15N forbs. Circles represent mean values and error bars
represent standard error.
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Table 2. Linear mixed effects model output for both δ N and δ C. Seasonality (time) has the
only explanatory factor found to influence variation in the isotopic values. Significance is
indicated by (*).
df δ15N

df δ13C

F-value δ15N

F-value δ13C

p-value δ15N

p-value δ13C

Time

55

55

175.952

380.314

<0.0001*

<0.0001*

Sex

29

29

2.936

0.557

0.0973

0.4615

Age

29

29

0.655

0.005

0.4249

0.9459

Dietary Composition

Overall bison diet consisted primarily of C 4 grasses followed by wetland species, high
δ15N forbs, C3 Poales species, and low δ15N forbs (medians and 95% credible intervals= 50.8%
(45.5%, 54.2%), 11.5% (3.2%, 19.3%), 10.5% (0.2%, 38.0%), 10.5% (0.2%, 37.3%), and 9.7%
(0.2%, 29.3%)). The results also showed dietary proportions changing through time (Fig. 3).
Between mid-May and mid-June, bison diet closely mirrored the median values but moving
towards October, bison grazed on fewer C4 grasses (median proportions fell to 29.26%) and
began relying more on wetland and high δ15N forbs species (median proportions rose to 32.12%
and 18.65%, respectively). By late September, bison relied most heavily on wetland species,
which surpassed C4 grasses as the top contributor to bison diet.
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Figure 3. Seasonal trends of dietary groups within bison diet. Solid lines represent median values
of dietary proportions while the transparent ribbons represent 95% credible intervals. C 4 grass
consumption was reduced throughout the summer while wetland species and high δ15N forbs
increased in consumption.
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Discussion

Bison diet

Our results provide evidence for seasonal shifts of specific plant groups within bison diet
in a restored tallgrass prairie. As predicted, we found a shift in diet from late spring to early fall
that coincides with the growing season and C4 grass availability (Steuter et al. 1995). During the
beginning of the growing season, C4 grasses are estimated to make up almost two thirds of the
bison diet but the proportion of C 4 grasses bison rely on for forage falls to a much lower
proportion by early fall. C4 grasses are then supplemented largely with wetland species and a
smaller percentage of high δ15N forb species. This is contrary to our predictions of forb species
playing a minimal role in bison diet. Previous work had led us to hypothesize that C 3 Poales
species, specifically sedges, would take over as the dominant dietary contributor (Steuter et al.
1995; Coppedge et al. 1998; Craine et al. 2015). This may be partially true as the wetland species
mix that makes up the majority of diet in the early fall consists largely of C 3 Poales species
(Table 1). However, the increasing role of high δ15N forb species throughout the summer was
unexpected. Bison reliance on these forbs may be explained by and aligned with our predictions
of forage availability. As the C4 grasses reach the senescent stage, wetland species and forbs
remain photosynthetically active. This may make them appear more palatable as grazers prefer to
forage on new growth which tends to have a higher protein content (Bergmann et al. 2015).
The nutritional quality of plants could play a pivotal role in the forage selection by bison
as well. Craine et al. (2015) found that bison protein intake largely came from N-fixing forbs in
the spring and fall. Our results suggest that something similar may be happening with Nachusa

21

Grassland’s bison herd. The same dietary contributors that remain green longer also have similar
nutritional content (C:N) to the preferred C 4 grasses (Fig. 2). Therefore, bison could
preferentially supplement their diets with equally nutritious forage, such as wetland species and
high δ15N forbs, as C4 grasses senesce in the fall. Bison target both wetland species and high
δ15N forbs later in the season instead of the expected C 3 Poales species. By avoiding the more
fibrous and less nutritious C3 Poales species, bison are able to maintain a diet of equivalent
nutrition in a time where building mass for winter months and maintaining the health of pregnant
females is imperative. Further studies are needed to tease apart the mechanisms behind the
selection of these plant groups and whether they are using the more nutritional species
preferentially to prepare for winter and fetal development, opportunistically as their preferred
forage dies off, or if they congregate and forage near water resources during drier portions of the
year.
Future studies regarding seasonal changes in bison diet in restored systems should focus
on a more complete picture and employ a variety of methodologies. A second sampling period
for bison hair during the late winter or early spring calibrated to the previous hair samples would
help give a more complete picture of year-round bison diet. In this study, the potential range of
the diet proportions within each group is quite large. Though the general trends we have
observed are valid, the true dietary proportions of these groups are not as certain. Future work
should incorporate a priori proportional data within the model based on another method of diet
sampling such as microhistological or DNA analysis. The assumption that bison and domestic
cattle also have the same TEFs introduces error into the model (Wolf et al. 2009). However,
enrichment of isotopes into hair has been shown to be less variable than other tissues (Kristensen
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et al. 2011). Lab analysis of bison specific TEFs should be pursued in future studies to produce
more accurate results.
This work provides new evidence that bison may be less reliant on Poales species than
previously thought, which aligns more closely with the recent studies emerging from herds in the
short-grass prairies of the North American west (Bergmann et al. 2015; Craine et al. 2015).
When looked at together with these studies, growing evidence indicates that bison herds are
foraging on plants with higher nutritional quality between seasons, but the specific diet depends
on the location of the herd.

Restoration Implications

Bison are being reintroduced for their ecosystem engineering roles and as grazers that
modify plant communities through their dietary preferences. This management strategy has been
increasingly relied upon in restored eastern tallgrass prairie ecosystems, despite a lack of
research on bison impacts within these ecosystems. Our findings suggest that bison strongly rely
on C4 grasses during the late spring and into the summer, but they begin to shift to wetland C 3
species and forbs in fall. Because these results differ from previous studies, the intended
management impacts from these bison may also differ. Instead of bison opening space for forb
species by grazing primarily on grasses, they may be opening up space for C 3 Poales species by
grazing on forbs in the fall. However, by grazing heavily on wetland species rather than on
prairie species, bison may create unintentional impacts on plant communities such as possible
invasions and impacts like soil erosion. For example, grazing by live stock in wetland areas has
been shown to cause salination, soil erosion, and negative impacts on invertebrate communities
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in Patagonian wetlands (Epele & Miserendino 2015). This may be even further exacerbated in
prairie restorations with a small total acreage of wetlands in comparison to the size of the herd.
This indicates that managers may want to consider stocking density not only by total acreage of
preserves but also by the acreage of certain types of habitats including wetlands.
Climate change is another factor to consider when researching bison diet preference,
especially if their preferences are being driven by nutritional content. A warming climate will
decrease the nutritional quality of plant species across grasslands. Bison have been shown to
preferentially forage on higher amounts of nutrient-rich species in warmer areas (Craine et al.
2015). Assuming this effect carries over to eastern tallgrass prairie herds, bison may begin
preferentially foraging on more wetland species and forbs as the climate warms, which will
magnify any current impacts bison are having. However, more research on the plant
communities themselves is needed to decipher the impacts bison have and predict how that may
change as the climate warms.

Conclusion

Overall, we found that bison diet in our study site differs from diet studies in other prairie
ecosystems. Throughout the literature, bison have been primarily assumed to rely
solely/primarily on grass for their diet, but more recent studies, including ours, are beginning to
question that assumption. Our study found that bison mostly graze on C 4 grasses during the late
spring but then transition to rely on a mix of wetland species and forbs with a higher nutrient
content in the fall. This shows that bison are not strictly reliant on Poales species and can
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broaden the scope of their diet either opportunistically or preferentially to maintain their nutrient
intake.

CHAPTER 3
PLANT COMMUNITY SHIFTS IN RESPONSE TO FIRE AND BISON IN A RESTORED
TALLGRASS PRAIRIE
Introduction

Grasslands are one of the most diverse and productive ecosystems and cover roughly
40% of the earth’s surface (White et al. 2000). They also modulate ecosystem functioning
worldwide, as evidenced by their pivotal role in the global carbon cycle (Andrade et al. 2015).
However, the diverse life and services grasslands provide are also severely threatened, which
makes conserving and restoring them a top priority (Henwood 1998; Andrade et al. 2015).
The tallgrass prairie is no exception to the global grassland biodiversity crisis. Tallgrass
prairie is a highly diverse North American system that provides habitat for wildlife and
ecosystem services such as prevention of soil erosion, water filtration and C sequestration
(Camill et al. 2004; Wan et al. 2005; Rowe et al. 2013). Most tallgrass prairie (82-99% of the
historic range) has been converted into other land uses that are more suited for human use,
primarily agriculture, and tallgrass prairie is now one of the most endangered ecosystems in
North America (Samson & Knopf 1994). In Illinois, only 0.01% of remnant tallgrass prairie
remains (Anderson 2006), and invasive species, loss of native grazers, and altered burning
patterns in these fragments have further exacerbated prairie degradation (Wilcove et al. 1998;
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Knapp et al. 1999; Fletcher & Koford 2003). Because of this extreme loss and degradation, the
only option for preserving the diversity and functioning of tallgrass prairie is through restoration,
including the reinstatement of historical disturbance regimes.
Grazing and fire, along with climate, have shaped the presence and distribution of biota
that once sprawled across a large portion of North America. In the region east of the Mississippi
River known as the prairie peninsula, climatic pressures differ from western prairies which make
the disturbances of fire and grazing more important. In this region, precipitation averages
between 750-1200mm per year, levels normally associated with forest ecosystems rather than
grasslands (Anderson 2006). However, large periods of drought during the Hypsithermal interval
at the beginning of the Holocene prevented trees from establishing and allowed drought-adapted
C4 grasses to take root (Anderson 2006). Wildfires also prevented woody encroachment into the
grasslands during times of more consistent precipitation (Powell 2006). After these fires, fresh
shoots then attracted large herds of grazing mammals that would help reduce the competitive
pressures from grasses on forbs, which make up a majority of the plant diversity within tallgrass
prairies (Knapp et al. 1999; Dickson & Busby 2009; Bergmann et al. 2015). The interactions of
these processes promoted the spread of the highly diverse and heterogeneous landscape that is
tallgrass prairie.
Within the prairie peninsula, fire has been vital for the establishment and persistence of
prairie plant species. Both lightning strikes and intentional ignitions from Native Americans are
the most likely historical sources of fire, while today prescribed fires are ignited by land
managers to maintain this historical disturbance regime (Anderson 2006). Fire removes the
standing litter, creating more sun exposure that promotes warmer soil temperatures and increased
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nitrogen production from cyanobacteria (Anderson 2006; Vogel et al. 2010). However, frequent
fires decreases available N within soils overall due to the volatilization of soil ammonia (Blair
1997). Seed production increases in C4 grasses during spring fires help them compete against the
less dominant and commonly non-native C3 grasses as well as forbs (Ewing & Engle 1988;
Collins et al. 1995; Vogel et al. 2007). Through the promotion of grasses, fires reduce the overall
diversity by decreasing the abundance of forbs by competitively-dominant grasses (Powell
2006). Because of this, fire alone cannot maintain the high plant diversity that defines tallgrass
prairies. Another disturbance regime, grazing, helps moderate this effect through the preferential
foraging of grasses and other Poales species (Knapp et al. 1999).
Once ranging between 30-60 million individuals, the American bison (Bison bison) is
thought to be the most influential grazer within the tallgrass prairie system (Knapp et al. 1999).
Now recovering from the brink of extinction in the late 1800s, bison are being reintroduced for
their ecosystem engineering roles (Biondini et al. 1999; Knapp et al. 1999; Eby et al. 2014). Two
specific mechanisms, the competitive release hypothesis and the habitat heterogeneity
hypothesis, can explain the increase of diversity seen by bison reintroduction (Elson & Hartnett
2017). The competitive release hypothesis states preferential foraging on Poales species reduces
biomass and cover of these species which increases resource availability, specifically light, and
decreases their ability to compete (McCain et al. 2010; Elson & Hartnett 2017). The habitat
heterogeneity hypothesis explains the process in which bison activity (wallowing, trampling,
feces and urine deposition) increases patchiness and local diversity which increases overall
species richness (Hartnett et al. 1996; Knapp et al. 1999; Elson & Hartnett 2017). As bison
decrease the competition from grasses and increase patchiness, these mechanisms can work
synergistically. In the absence fire, grazing may drastically decrease grass biomass and cover.
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However, bison rely on the presence of these largely grass-dominated communities, and the
interaction of fire and grazing maintain heterogeneity and diversity.
Patterns of grazing and fire regimes follow a cyclical process in which one is dependent
on the other; this ecological interaction is termed pyric herbivory (Fuhlendorf et al. 2009). Fire
removes biomass and promotes the growth of grasses, and these accessible fresh shoots attract
large herbivores as they emerge (Vogel et al. 2010; Bergmann et al. 2015; Burkepile et al. 2016).
Grazing reduces the chance of ignition in the following years until a site is abandoned by the
herbivores and the biomass can accumulate and the chance of ignition increases (Fuhlendorf et
al. 2009). Bison are a prime example of this interaction as they preferentially graze in burned
areas until the grass abundance is diminished and then they no longer visit the area (Biondini et
al. 1999; Knapp et al. 1999; Fuhlendorf et al. 2009). Bison preferentially graze post-burned sites,
which alters future fire regimes. These altered fire regimes shift future grazing patterns and
create the patchy mosaic that is iconic to tallgrass prairie.
The reintroduction of both disturbance regimes has been successful in mitigating prairie
degradation within the remnant tallgrass prairies west of the Mississippi River (Knapp et al.
1999; Towne et al. 2005; Houdeshell et al. 2011). Within the prairie peninsula, prescribed fires
alone are commonly used to maintain and restore tallgrass prairie systems (Anderson 2006).
Bison have been absent for over a hundred years and little is known about how grazing will
affect and shape vegetation patterns in the remnants of the prairie peninsula or prairies that have
been restored from agriculture. For example, fire has species-specific impacts on the control of
invasive species but bison may alter these interactions by increasing seed dispersal (Fuhlendorf
& Engle 2004; Constible et al. 2005; Alba et al. 2015). Recent literature has suggested that bison
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may forage on N-fixing forbs, an important functional group for nitrogen cycling, during times
of nutritional strain within plant communities (Bergmann et al. 2015; Craine et al. 2015). This
selection may interact with fire regimes and cause a decrease in N-fixing forbs and consequently
plant-available soil N (Craine et al. 2015; Nisi et al. 2015). To complicate the picture further,
restored tallgrass prairie sites go through successional stages as species compete to establish
(Weber 1999). Depending on the age of a restoration, successful seed dispersal and grazing
pressures may be amplified due to the greater amount of open niche space. Despite the limits of
our knowledge regarding bison impacts and the immediacy of their effects, bison reintroductions
are increasingly being used to reinstate grazing regimes in restored tallgrass prairie. Consistent
and long-term monitoring of both plant species and functional groups will provide insight into
whether the reintroductions help to increase plant diversity and create a heterogeneous habitat
mosaic as intended.
This research aims to analyze the impacts of a recent bison reintroduction and prescribed
fires across a chronosequence of tallgrass prairie restorations. Specifically, we wanted to
determine 1) how recently-reintroduced grazing regimes, prescribed burning, and their
interaction impact plant community composition and diversity; 2) if the abundances of important
plant functional groups (invasive species, N-fixing forbs, forbs, and grasses) are also
experiencing changes due to the reintroduced disturbance regimes; 3) how the impacts of grazing
and fire vary in relation to restoration age; and 4) if the competitive release and habitat
heterogeneity hypotheses are supported within a restored setting. We hypothesized we would see
1) evidence of pyric herbivory, through an interaction of fire and grazing, creating a more
heterogenous landscape which will increase site diversity; 2) increased abundance of invasive
species and forbs and decreased grass abundance in the presence of pyric herbivory; 3) diversity
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decrease as plantings age, a smaller decrease in diversity within grazed sites, and amplified
impacts from disturbance regimes within younger sites; and 4) evidence of competitive release
through reduction of grasses and increased heterogeneity through localized patchiness due to
grazing.
Methods

Study Site

This study took place at Nachusa Grasslands, a 1200-hectare prairie remnant and
restoration site in Franklin Grove, Illinois, owned by The Nature Conservancy. In 2014, TNC
reintroduced bison to Nachusa and currently the herd totals ~100 and has access to half the
preserve (600 hectares; hereafter, bison unit). Within the bison unit, the area is a mosaic of
restored and remnant habitats including sedge and Salix-dominated wetlands, oak savannahs,
deciduous broadleaf forests, and tallgrass prairie. The resulting stocking density is 0.15 au ha -1.
Different plots of land at Nachusa have been restored from 1-31 years ago, yielding a
chronosequence of restorations (Fig. 4). Managers have been applying prescribed burns to
restorations and remnants every one to five years. This allowed us to investigate how bison
grazing and prescribed fire impacts change with the age of restoration within tallgrass prairie
sites. We used the presence of bison and fire to create grazing and fire treatments and compared
tracts of land of similar ages both inside and outside the bison unit.
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Figure 4. Study design at Nachusa Grasslands in Franklin Grove, IL. Polygons represent
individual sites along the chronosequence of restorations and remnants with and without the
presence of bison.

Sampling

We selected eight sites within the bison unit and seven sites outside of the bison unit,
each along a chronosequence of time since restoration (Fig. 4). One remnant site within each
grazing treatment was chosen to compare visually with restorations. Remnants were never
converted for agriculture due to their shallow rocky soils. These characteristics likely drive plant
community composition differently than in restorations, so remnants were excluded from the
analysis but are depicted on graphs for reference. Grids (60m x 60m) were established in each

32

site with twenty-five points spaced 15m apart. We chose ten points randomly, and permanent
plots markers were set into each point. A quadrat (0.25m 2) was placed at each point for a total of
150 quadrats sampled for each year. We identified vegetation and cover to the species level
during August 2016 and August 2017. Plants were identified using Flora or the Chicago Region,
and The Tallgrass Prairie Center Guide to Seed and Seedling Identification in the Upper
Midwest. (Williams 2010; Wilhelm & Rericha 2017). Specimen that were unable to be identified
in the field were collected and brought to an expert for consultation. Total annual precipitation
for 2016 measured 702mm while total annual precipitation for 2017 measured 804mm. Fire
frequency (and thus fire regime) was determined by the land managers and varied between years
with time since last burn being no later than four and a half years (Table 3).
Data Analysis

All analyses were done within R studio (R Core Team 2017; RStudio Team 2016). We
measured the diversity and percent cover within in each quadrat with the following response
variables:


Shannon-Weiner Diversity Index (Hill 1973):
o H=∑ 𝑝 𝑙𝑜𝑔𝑝 ; where 𝑆 is the total number of species and 𝑝 is the proportion of
species 𝑖



Percent cover ratios of Poales species to forbs and native to nonnative species:
o



%
%

;

%
%

Percent cover of N-fixing forbs
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Table 3. Fire and grazing treatments across sites. Fire frequency ranged from five months to
around four and a half years.
Site ID

Year Planted

Grazing Last burn (2016)

Last burn (2017)

CCE

2007

No

11/3/2015

2/19/2017

CCW

2008

No

3/22/2014

3/22/2014

FC

2006

No

4/13/2016

4/13/2016

HF

2013

Yes

3/18/2016

2/21/2017

HL

2001

Yes

3/21/2016

3/21/2016

HPN

2012

Yes

3/18/2016

2/21/2017

HPW

2008

Yes

4/11/2015

4/11/2015

L

2011

Yes

3/17/2015

2/21/2017

MU

1986

Yes

3/21/2016

3/21/2016

SB

2009

No

3/19/2016

3/19/2016

SF

2001

No

3/6/2016

2/19/2017

TC

2002

No

4/5/2016

4/5/2016

WH

2008

Yes

4/3/2013

3/19/2017

TCR

REM

No

11/25/2013

11/25/2013

MUR

REM

Yes

3/21/2016

2/21/2017

We tested for differences in the above response variables across treatments by creating
mixed-effects linear models using the nmle package (Pinheiro et al. 2017). Both the Poales:forb
ratio and the cover of N-fixing forbs were transformed using a natural log function to address
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issues with non-normality. Restoration age, year, grazing, fire, the interaction between grazing
and fire and the interaction between grazing and restoration age were all considered fixed
factors, and site was a random factor (Table 4). We determined grazing by whether bison had
access to the site and we measured fire categorically as either burned within that year or not. We
evaluated fixed factors using F-tests with anova.lme(). We also tested for differences in species
composition among groups using PERMANOVA (permutational analysis of variance) with the
adonis() function in the vegan package (Anderson 2001; Oksanen et al. 2017). We analyzed data
with a Bray-Curtis dissimilarity matrix using abundance data per site standardized by the square
root of the distance divided by the overall distances of each site. Restoration age, grazing, fire,
and the interaction of grazing and restoration age were all considered fixed factors and
permutations were constrained by year. We used this same PERMANOVA design to examine
differences among groups based on functional group (forb, N-fixing forb, C3 Poales species and
C4 grasses) abundance data that were transformed and standardized in the same method above
into a Bray-Curtis dissimilarity matrix
Results

Diversity and Functional Group Responses

Shannon-Weiner diversity indices were higher in 2017 than 2016 (p<.0001) and decreased
with restoration age (p=0.0002; Fig. 5). However, Shannon-Weiner did not differ based on the
disturbance regimes (grazing and fire) or the interaction of the two. The interaction of grazing
and restoration age also did not differ between sites. Poales:forb ratios and N-fixing forb
abundance both increased with restoration age (p< 0.0001; p=0.0085; Fig. 6; Fig. 7) but did not
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differ between any of the other explanatory variables. The native:nonnative ratios were lower in
2017 that 2016 (p< 0.0001) and higher within grazed sites (p=0.0175; Fig. 8).

Table 4. Mixed-effect linear model ANOVA results for effects on the Shannon-Weiner diversity
index, grass: forb ratio, native: nonnative ratio, and N-fixing forb abundance from restoration
age, sampling year, grazing treatment, fire treatment, grazing- restoration age interaction, and
pyric herbivory (grazing-fire interaction). Significance is indicated by (*).

Diversity

Poales: Forb

Native: Nonnative

N-fixing forbs

F

p

F

p

F

p

F

p

Rest age

14.481

0.0002*

20.07065

< 0.0001*

1.13092

0.2886

7.61985

0.0062*

Year

37.671

< 0.0001*

2.11803

0.1469

27.94782

< 0.0001*

0.39835

0.5285

Graze

2.691

0.1292

0.78074

0.3958

7.80812

0.0175*

0.00138

0.9711

Fire

0.042

0.8381

1.08794

0.298

2.37498

0.1246

0.24487

0.6212

Graze*Rest

0.387

0.5347

1.08308

0.299

0.58756

0.4441

0.20685

0.6497

Graze*Burn

0.063

0.8019

0.45374

0.5012

0.61023

0.4355

0.7004

0.4035

Community Composition

PERMANOVA results showed species community composition differing between
grazing treatments (p=0.003, R2=0.08968, F=2.9816; Fig. 9) and restoration age (p< 0.001, R2=
0.18636, F= 6.1948); Fig. 10). Neither the interaction of grazing and restoration age nor the
treatment of fire explained any of the differences found within community composition.
Functional group composition did not vary by grazing treatments, fire or the interaction of the
two, but it did vary by restoration age (p< 0.001, R 2= 0.28584, F=10.6195; Fig. 11).
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Figure 5. Model predictions for diversity decreasing with time since restoration. Higher diversity
was found in 2017 (blue) than 2016 (brown). Ribbons represent 95% confidence intervals and
points represent each quadrat sampling. Points are slightly repositioned when necessary to
prevent overlap of data points. The dashed line represents mean value for remnant sites.
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Figure 6. Model predictions showing the relationship of increasing grass: forb ratios and time
since restoration. The ribbon represents 95% confidence intervals and points represent each
quadrat sampling. Points are slightly repositioned when necessary to prevent overlap of data
points. The dashed line represents mean value for remnant sites.
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Figure 7. Model predictions showing the log transformed N-fixing forb abundance increasing
with time since restoration. The ribbon represents 95% confidence intervals and points represent
each quadrat sampling. Points are slightly repositioned when necessary to prevent overlap of data
points. The dashed line represents mean value for remnant sites.
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Figure 8. Model predictions showing the increase in the native:non-native ratio in bison sites and
the decrease between years. The bars represent 95% confidence intervals. The dashed line
represents mean value for remnant sites.
Discussion

Grazing and Fire

Though our understanding of grazing and fire regimes in remnant tallgrass prairies west
of the Mississippi River is well-developed, the impacts of reintroduced grazing regimes and their
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interactions with fire on restored tallgrass prairie within the prairie peninsula are unknown
(Knapp et al. 1999; Anderson 2006; Fuhlendorf et al. 2009). Larger amounts of precipitation and

Figure 9. Non-metric multidimensional scaling (NMDS) plot representing the Bray-Curtis
dissimilarities of plant community composition between sites (open circles). Sites with bison
(green) have more complex or various plant assemblages than those without bison. Ovals
represent 95% confidence intervals.
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Figure 10. Non-metric multidimensional scaling plot representing the Bray-Curtis dissimilarities
of plant species community composition between sites (open circles) across the gradient of time
since restoration (blue lines). Numbers represent years since restoration and the space in between
lines represents five years. Communities become more similar as they age.

42

Figure 11. Non-metric multidimensional scaling plot representing the Bray-Curtis dissimilarities
of functional group community composition between sites (open circles) across the gradient of
time since restoration (blue lines). Numbers represent years since restoration and the space in
between lines represents five years. Functional groups are displayed in text to visualize
functional group community transitions. Communities become more similar as they age.
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varying successional stages of restoration make these prairies unique, which contributes to the
difficulty of predicting potential impacts of bison reintroduction. In this study, we find that
although recently reintroduced bison have yet to cause changes in diversity or most functional
group abundances, they are associated with changes in plant community composition and the
native:non-native ratio. Specifically, we find that plant communities in sites with bison are more
dissimilar (i.e. have more variation in species and relative abundances) than those without (Fig.
9), a result that has also been found in Serengeti National Park, Tanzania, with other large
ungulate grazers (Belsky 1992). This suggests that bison and other grazers drive changes within
the communities; at our study site those effects may eventually lead to changes in diversity and
functional group abundance as has been found in studies across various types of grasslands and
large mammalian grazers (Belsky 1992; Eby et al. 2014; Burkepile et al. 2016). However,
continued sampling of these sites is needed to provide evidence to support this. We also find that
sites with bison have an increase in native plant dominance compared to sites without bison.
Bison are known to be successful seed dispersers and the low amount of invasive species at
Nachusa overall may be attributing the promotion and dispersal of more native species
(Constible et al. 2005). Bison may also be attributing to a decrease in non-native species by
grazing on abundant non-native C3 grasses. Sites with bison show a trend of having lower cover
of Kentucky Bluegrass (Poa pretensis) compared to sites with bison. If bison are reducing cover
of non-native grasses such as Kentucky Bluegrass, native C 4 grasses and forb species may be
benefiting from reduced competition of these grasses.
Though other factors such as stocking rates and preferred grazing patches that fall outside
of our study sites may contribute to the surprising paucity of initial impacts, plant communities
may just be changing at a slower pace than the scope of this study can detect. Impacts of large
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grazers and grazing experiments have been seen within comparable disturbance time frames,
however, these were manipulated experiments on fallow or remnant land instead of the natural
experimental design on restored land in our study (Armesto & Pickett 1985; Belsky 1992; Niu et
al. 2010). Bison may be preferentially selecting some of the older sites for grazing which would
minimize their impact on the younger plant communities. These older restorations have more
established plant communities and may take more time to exhibit bison impacts. Additionally,
communities with a large amount of perennial herbaceous species have been shown to take
longer (> 3 years) to respond in comparison to annual communities (Belsky 1992). Regardless,
the detected changes in community composition we found suggest that bison are beginning to
alter the abundance and presence of certain species.
Our results provide insight into the presence of the proposed competitive release and
habitat heterogeneity hypotheses driving community shifts. The recorded dissimilarity between
sites within the bison unit hints at increases in heterogeneity supporting the habitat heterogeneity
hypothesis (Fig. 9). Though the direct causes such as grazing, digestive excretion, and wallowing
are unknown, we can say bison are creating more distinct communities. Results from western
remnant prairies with bison have shown that this is an important mechanism driving bison
impacts and we are beginning to see a similar pattern in restored prairies (Hartnett et al. 1996;
Knapp et al. 1999; Elson & Hartnett 2017). We did not find any differences in grass cover or
diversity between sites with or without bison suggesting that the mechanisms behind the
competitive release hypothesis are not strong enough to show an effect in our study system. The
lack of evidence supporting this hypothesis could explain why we have yet to discover any
differences in diversity between grazing treatments. Previous work in bison grazed communities
and experimental plots show that the competitive release hypothesis causes increases in richness
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and shifts in community composition (Jutila & Grace 2002; Elson & Hartnett 2017). Other
Measures such as biomass have been used to indicate decreases in grass production and increases
in forb performance which support the competitive release hypothesis (Elson & Hartnett 2017).
Further investigation into the resource acquisition of forbs and grasses at Nachusa Grasslands
would help tease out any changes in competitive pressures from bison that may be occurring.
Future work should more effectively measure bison presence and grazing intensity, which
would allow for a more thorough investigation of the magnitude of bison impacts. Presence and
grazing intensity within our study area is dependent upon both stocking density and bison
selection. The stocking density of Nachusa Grasslands (0.15 au ha -1) is lower than that of other
studies done at Konza Prairie (0.33 au ha-1) (Eby et al. 2014). A study within South Africa,
Kruger National Park (0.09 au ha-1) found that changes in diversity in response to large herbivore
exclusion lagged in comparison to those in Konza, which can be attributed to different stocking
rates (Eby et al. 2014). A similar lag may be occurring at Nachusa Grasslands. Bison may also
just be selecting to graze outside of our study sites. Bison have a higher probability of using
areas closer to water, which may be influencing them to graze in other areas than our upland
prairie study sites (Kohl et al. 2013). To take these factors into account, bison and other
herbivore presence has been measured before through methods such as dung counts (Winter et
al. 2015; Burkepile et al. 2016). Biomass measurements inside and outside of grazing treatments
have also been used to determine potential influences of grazing intensity (Eby et al. 2014).
These variables, along with continued yearly monitoring, can assist future research within our
study region and more fully explore the influencing factors shaping plant communities.

46

Fire is a driving force in plant communities within the tallgrass prairie (Anderson 2006;
Vogel et al. 2010). Surprisingly, our research did not find any differences between plantings that
were burned or not burned prior to the growing season (Table 4). Fire frequency varied across
the sites, however most of the sites had been burned within in the last two years. Prescribed fire
impacts on plant community composition have been shown to persist at least within the
following year (Ewing & Engle 1988). As a result, fire frequency within our sites may be so high
that the impacts from prescribed burning from year to year are maintained. This may be creating
a homogenous landscape in relation to the effects of fire. Other research has shown that fire may
be duplicating some effects of grazing, resulting in a smaller individual impact by either fire or
grazing (Belsky 1992). The interactions between fire and grazing within the same landscape
seeks to break up this homogeneity.
We hypothesized that pyric herbivory was modifying plant communities and creating a
more heterogenous landscape over all. Potentially, bison may begin to alter localized burn
frequencies through removal of biomass which then decreases the fuel load (Burkepile et al.
2016). Though fire no longer occurs naturally and is determined by managers, these decreased
fuel loads will still create fire breaks (an area that prevents fire from carrying over) that shift
burning regimes. The shifted fire regimes and continued grazing will create a more
heterogeneous distribution of fuel loads in addition to the land managers planned fire
applications. However, we did not record any evidence of such pyric herbivory, which may be
due again to the continuation of prescribed burning effects, the lack of grazing or lower grazing
intensities occurring within the study sites, and the short time period of study following bison
reintroduction (Table 4). There was observational evidence of this occurring during our sampling
season (we saw lots of bison in recently-burned sites), but we still did not find an interaction
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between grazing and fire in our data. Looking at areas that we know were grazed or including the
variables for bison presence and grazing intensity may help future work determine why there is
no evidence of pyric herbivory altering plant communities within out study area.

Restoration Age

We have shown that time since restoration is the main factor explaining diversity,
functional group abundance, and both species and functional group community composition at
this study site. As restorations mature through time, both species and functional community
composition becomes more similar between restorations (Fig. 10; Fig. 11). This supports the idea
of successional stages as restorations progress; however, the early stages of restoration can vary
greatly in functional groups and species composition from one another (Weber 1999). This
change in composition through time is also seen as diversity begins to decrease while the ratio of
Poales to forbs and N-fixing forb abundance increases as restorations age (Fig. 5; Fig. 6; Fig. 7).
This supports the hypothesis that grasses outcompete forbs (particularly non-nitrogen-fixing
forbs) as the restorations mature and as a result diversity declines. This is concerning because the
projected diversity declined below the remnant communities in 2016 which coincides with other
findings (Polley et al. 2005; Dickson & Busby 2009). However, in 2017 diversity seems to have
increased and no longer decreases below the average remnant level of diversity. This increase
may be due to observer bias and learning curve, while we gained knowledge about the local flora
from year to year.
The decrease in diversity and increase in the Poales to forb ratio with age do not explain
the increased establishment of N-fixing forbs within older restorations. N-fixing forbs may be
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more competitive than other forbs, especially since invasive species within the restorations are
generally N-fixing forbs. However, we have shown that invasive forbs are not increasing in
abundance, so they are not driving this change (Table 4). We do know that frequent prescribed
burning can decrease the amount of available N in the soil and that soil C:N ratios increase as
restorations age (Blair 1997; Klopf et al. 2017). Because N-fixing forbs can obtain nitrogen
through fixation, these forbs may not be experiencing the same competitive pressures as the
other non-N-fixing forbs within the community. N-fixing forbs are also increasing the usable
nitrogen within the soil so they assist the other plants in the community to obtain N (Craine et al.
2015; Nisi et al. 2015). Previous work has shown that soil N availability remains consistent
across time since restoration and plantings managed for higher diversity have lower amounts of
N to lose (Barber et al. 2017; Klopf et al. 2017). The sites in our study are managed for high
diversity and therefore as soil N decreases because of fire, increased N-fixing forb abundance
may be stabilizing plant-available N. As frequent fires promote high grass abundance, grasses
are the most likely to benefit from N-fixing forbs increasing N availability. This could create
even greater competitive pressures of grasses on non-N-fixing forbs. If this is the case, long term
grazing pressures may allow the non-N-fixing forbs to take advantage of the available N from Nfixing forbs through the reduction of grasses. Further studies are needed to clarify these
interactive effects of N-fixing forbs, pyric herbivory, and restoration age on soil N availability.

Management Implications

Decreasing plant diversity through time, especially to levels lower than remnant
diversity, is counter to the desired goals of restoration. Though it is not certain that bison will
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eventually counteract this decrease in diversity, this research provides evidence that bison are
creating more heterogeneous plant communities. By continued application of grazing regimes,
suppression of grasses in localized areas may increase the overall diversity of older restorations.
However, the potential negative impacts of these regimes such as invasive species dispersal and
increased grazing pressures on N-fixing forbs remain uncertain. This study looked at the impacts
of bison after two to three years of reintroduction which may be too short of a time frame for the
full magnitude of bison impacts to occur. These results provide some optimistic signs of
potential bison impacts but continued monitoring of these plant communities is needed to see
how strong bison impacts will be in the future.
The prescribed fire frequency occurring at Nachusa Grasslands may be having lasting
impacts that persist in years that restorations are not being burned (Ewing & Engle 1988). Our
results for community composition did not show a difference between burned and unburned
sites, which suggests that homogenous effects across the landscape may be occurring. Reduction
in prescribed fire frequency may help increase heterogeneity of these plantings and reduce
competitive pressures from grasses. Due to likely decreasing available N within soils from heavy
fire frequencies, maintenance of highly abundant N-fixing forb communities may continue to
stabilize N availability. However, bison may be reducing fire frequency in localized areas
outside of this study (Fuhlendorf et al. 2009). If this is the case, then grazing regimes may
eventually be shifting the fire matrix enough that fire frequencies can remain the same while
providing heterogenous impacts across the communities.
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Conclusion

Our goal was to examine how plant communities of a restored tallgrass prairie within the
prairie peninsula respond to recently reintroduced bison, prescribed fire and if these responses
changed depending on time since restoration. We found that time since restoration is the major
factor contributing to changes within the plant communities on both the species and functional
group levels. We did not find that grazing or fire impacts diversity and functional plant group
abundances at least on a large enough scale to detect. However, recent reintroductions of grazing
created less similar restorations, which may become a larger factor in future with continued
bison presence. These future grazing impacts may also lead to a clearer interaction with fire and
restore the cycle of pyric herbivory and, in turn, create a more heterogenous and diverse
landscape.

CHAPTER 4
CONCLUSION

Grasslands are one of the most diverse and threatened ecosystems on the planet (White et
al. 2000; Andrade et al. 2015). The tallgrass prairies of North America are no exception with
only 1-18% of tallgrass prairie left (Samson & Knopf 1994). In Illinois, this problem is
exacerbated by the widespread conversion to agriculture leaving only 0.01% remaining.
Restoration of these lands have been underway to help combat the decline through the
reinstatement of historic disturbance regimes such as grazing and fire (Anderson 2006). Our
research has shown that bison are experiencing similar seasonal shifts in diet as those found in
other studies of C4 grass preferences in the summer leading to a heavier reliance on C 3 Poales
species in the fall (Coppedge et al. 1998). However, our findings show a preference for C 3 Poales
wetland species and high δ15N forbs in the fall. This suggests that bison are preferentially
foraging on wetlands and specific forbs, in contrast to the drier C 3 Poales species we would
expect. These differing dietary preferences may lead to differing impacts on plant community
composition.
We also had hypothesized to find plant communities to be increasing in heterogeneity
and diversity following bison reintroduction and that time since restoration would modify these
impacts. Though we found species composition within bison sites to have less variation than
those without bison, we did not find the expected increases in diversity and forb abundance.
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Bison impacts may not be large enough to measure at this point in time or they may be falling
outside of our study sites. This may be especially true if a majority of the grazing is occurring in
wetlands, as our sites are within strictly tallgrass prairies. The interaction of grazing regimes and
fire were also not apparent in our study. This too may be a result of localized grazing impacts
occurring outside of our design due to dietary preferences. Bison impacts were also not
happening differently based on time since restoration, although time since restoration was the
one factor that best explained changes in plant communities across all measurable variables
except invasive species abundance.
Overall, the recent reintroduction of bison is creating changes within community
composition but not at the magnitude we hypothesized yet. Bison are foraging on wetland
species and high δ15N forbs in the fall which may cause unforeseen impacts such as soil erosion
and opening niche spaces to be filled by unwanted or invasive species. Previous work has shown
bison are more likely to forage closer to water resources which may explain the results we are
finding within our study (Kohl et al. 2013). Further, these impacts potentially will be amplified
as the climate warms (Craine et al. 2015). Bison impacts on plant communities may then be
localized around wetland areas and other water resources instead of throughout the land on
which they roam. However, our results provide evidence that bison are beginning to increase the
variation of plant communities within our sites. This hints that they may be beginning to impact
plant communities in a way that many have hypothesized by creating a more heterogenous
landscape. We have found that restorations are changing as they age and are generally becoming
more similar to one another. After the bison population has been established for a longer period,
our results and previous literature suggest that changes in diversity and an interaction between
fire, grazing, and restoration age will occur. However, these changes may be localized around
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specific grazing areas that supply the preferred forage for the season. We suggest continued
monitoring of grazing impacts on a landscape scale to prevent or become aware of any
undesirable outcomes.
As grazing and fire regimes are being reintroduced for restoration purposes, it is
imperative that we understand how these recovering communities will respond. Recent literature
has shown the importance of studying the interactions of fire and grazing, pyric herbivory, in
relation to plant community composition (Fuhlendorf et al. 2009; Eby et al. 2014). In restored
systems, the amount of time, money, and effort required to implement these practices is
enormous. Immediate and continuous monitoring of management impacts helps provide a
predictive framework to determine whether these management practices are meeting the stated
goals. Our study has shown that some differences in dietary preference and plant community
responses are occurring within tallgrass prairie restorations. These differences may just be due to
the short amount of time since reintroduction (grazing) or the prolonged effects of continued
disturbance (fire). However, this suggests that impacts from these regimes vary between sites
potentially as a result of climate and resource availability. With the increase in bison
reintroductions, this research suggests caution in assuming a fix-all for diversity measures and
underscores that close monitoring of plant communities, especially around water resources, is
necessary.
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